We have developed an optical chemical sensor for the detection of organophosphate (OP) compounds using a polymerized crystalline colloidal array (PCCA) thin film composed of a close-packed colloidal array of polystyrene particles. The PCCA thin film was modified with β-cyclodextrin (β-CD) polymer as a capping cavity for the selective detection of paraoxon-ethyl and parathion-ethyl chemical agents. The fabrication of the modified PCCA thin film was optimized and the structure was characterized using scanning electron microscopy (SEM). The arrangement of polystyrene particles in the PCCA follows a pattern of the fcc (111) planes with strong diffraction peak in the visible spectral region and pH dependence. The diffraction peak of the β-CD modified PCCA thin film showed a red shift according to the change of paraoxon-ethyl and parathion-ethyl concentrations at a fast response time (10 s) and high sensitivity with detection limits of 2.0 and 3.4 ppb, respectively. Furthermore, the proposed interaction mechanism of β-CD with paraoxon-ethyl and parathion-ethyl in the β-CD modified PCCA thin film were discussed.
Introduction
Detection of organophosphate (OP) compounds is crucial in environmental and food chain pollutants because of their high neurotoxicity and intensive use as pesticides and insecticides in agriculture. 1, 2 These compounds have also been used as chemical warfare agents in terrorist attacks or military activities. 3, 4 Most OP compounds and chemical nerve agents (CNAs) disrupt cholinesterase activity and lead to an inhibition of these enzymes resulting in cholinergic reactions that can have negative effects on the central nervous system, visual system, sensory capabilities, cognitive function, and could result in the death of humans or animals. 5, 6 There is no need to emphasize the importance and urgency to develop a fast and effective method to detect these toxic agents in the environment and public places where the monitoring of individual exposure to CNAs have become increasingly important for national security and health protection purposes. While most OP compound analysis can be carried out using analytical techniques such as gas or liquid chromatography and mass spectrometry, these methods require high-cost instruments, extensive labor resources and lengthy time of operation. 7 Many developed methods and materials for detection of OP and CNAs are enzyme-based reactions which require the use of enzymes such as acetylcholinesterase, tyrosinase and alkaline phosphatase for immobilization. This limits the stability and reproducibility of the sensor due to the change of enzyme activity after exposure to OP compounds. 8 The incorporation of nanomaterials such as nanoparticles, 9 ,10 carbon nanotube, 11 and organic polymer, 12 and the advancement of technology recently have resulted in the development of devices offering greater sensitivity, portability, lower-cost and short time analysis. 13, 14 Optical sensors have been developed as one of the promising methods for detection of OP compounds and CNAs which provide more convenient and simple means in optical signal detection. 15 Asher et al. have reported the use of polymerized crystalline colloidal array (PCCA) of polystyrene as a novel sensing material for the detection of glucose, organophosphate pesticides and cancer marker with enzyme-based sensors. 16, 17 As the PCCA hydrogel undergoes a volume change, the spacing between particles will change, resulting in the shift of reflectance wavelength following Bragg's law. [18] [19] [20] Since most OP compounds are hydrophobic and exhibit low solubility in water media, on-site detection is indeed difficult. β-cyclodextrin (β-CD), a cyclic oligosaccharide consisting of seven units of α-1,4-D-glucose, is one of the macrocomplex molecules whose structure forms a truncated cone with a hydrophobic cavity and a hydrophilic exterior. 21 The conformation allows for its incorporation with hydrophobic molecules or parts of molecules in water medium by host-guest interactions. This property of β-CD has been explored in various applications including sensors, delivery systems, immobilization of chemical compounds and solubility enhancement. 22 In this study, we propose an easy, one-step functionalized macromolecular probe on the PCCA thin film using β-CD as a capping cavity molecule for sensing OP compounds. β-CD molecules were attached to the surface of the PCCA thin film during the polymerized fabrication process. The system changed volume in response to the presence of specific structure of OP compounds resulting in the shift of diffraction wavelength. The fabrication procedure, effect of monomer ratios on the formation of thin film, and effect of pH on the diffraction peak of PCCA have been described and investigated. We also evaluated and compared our PCCA thin film for the detection of several OP compounds such as paraoxon-ethyl, parathion-ethyl, and demeton-S-methyl in a phosphate buffer saline medium.
Experimental

Reagents and chemicals
All chemicals from commercial sources were of analytical grade. Carboxyl polystyrene particles of different size (100, 200, and 300 nm in diameter) were purchased from Spherotech, Inc, USA. Paraoxon-ethyl, parathion-ethyl, and demeton-Smethyl, Acrylamide/bis-acrylamide monomer 40% (37:1 ratio), 2,2-diethoxy acetophenone (DEAP, photoinitiator), β-cyclodextrin polymer (Mw = 2000 -300000 Da), acetonitrile, and phosphate buffer components were purchased from Sigma-Aldrich, USA and used without further purification. HCl 1N solution was obtained from Across, Inc. Deionized water was filtered through a 0.2 μm filter to remove particulate matter with a resistance of at least 18 MΩ from a Milipore Milli-Q water purification system (Billerica, MA).
Preparation of CCA and PCCA thin film
To prepare CCA, carboxyl polystyrene particles solution (5% w/v) was centrifuged several times at 14500 rpm until the diffraction color of CCA was observed at the bottom of an eppendorf tube. The supernatant was removed and 10 μL of high density of polystyrene particles was injected between two clean glass surfaces. Then, the drop solution was let to water evaporation completely and highly close-packed 3D polystyrene particle array was formed. The optical reflectance spectra were recorded and compared at different focus points.
For PCCA preparation, 10 μL of high density carboxyl polystyrene particles were used each time after centrifugation and the supernatant was removed. Different amounts of acrylamide/bis-acrylamide 40% stock solution (37:1 ratio) with DEAP photoinitiator (0.1 g/mL in DMSO, 10% in total volume with monomer solution) were added to the polystyrene solution. After mixing to a homogenous solution and removing oxygen using nitrogen gas, the solution was injected between two quartz slides. The solution was left standing still in darkness for 20 min. The quartz slide assembly was then exposed to UV irradiation (UVGL-58, Upland, CA) with mercury lamp at 365 nm for 2 h. The distance between the lamp and sample was adjusted to be approximately 3 cm. The obtained PCCA thin film was then rinsed with water several times to remove unreacted chemicals, and kept in deionized water before any measurement.
β-cyclodextrin functionalized PCCA thin film
The formation of the PCCA functionalized β-CD was done in a similar way to PCCA fabrication. Briefly, 50 μL solution of β-CD polymer (0.03 g/mL in deionized water) was added to the high density carboxyl polystyrene particles. The mixed solution was then added to different amounts of bis/acrylamide monomer/DEAP solution. The mixture was incubated for 2 h in the dark. After removing oxygen, the solution was then injected between two quartz slides, left to stand for 20 min and followed by exposure to UV radiation. The as-prepared modified PCCA thin film was washed and kept in deionized water before use.
Characterization of PCCA morphology and optical diffraction measurement
Diffraction peak of CCA and PCCA were measured using a fiber-optic diode spectrometer with tungsten halogen light source on USB 4000 miniature fiber optic spectrometer (Ocean Optics). Samples were immersed in buffer solution with homemade sample holder and distance controlled. The optical fiber probe was vertically aligned to the PCCA surface with a distance between them of about 5 mm, which collected diffraction light completely by the first 10 -20 μm thickness of the PCCA. The diffraction peaks were recorded using a Spectra suite program (exposure time: 1s, boxcar: 5). Scanning electron microscopy (SEM, JEOL 6610LV) was used to characterize the morphology of the PCCA thin film operated at an acceleration voltage of 20 kV.
Results and Discussion
Assembly of colloidal crystal array and the formation of PCCA thin film
The procedure for PCCA thin film fabrication on a glass slide with chemical structure of β-CD polymer, which is co-polymerized within the acrylamide polymer network to provide the molecular cavity probes for capturing CNAs, is shown in Fig. 1 . The high concentration of carboxylate polystyrene particles suspension was mixed with an appropriated amount of bis/acrylamide and β-CD polymer. As the mixture was spotted on a glass surface, a quartz slide was covered up and slowly sliced downward resulting in the polystyrene particles solution quickly spreading out for self-assembly into a 3-D CCA on its surface. UV exposure was carried out at 365 nm within 2 h to completely polymerize the acrylamide monomer into the hydrogel network (Scheme 2, Supporting Information). The PCCA thin film with β-CD functionalized was then washed several times with deionized water, detached from the glass slide and cut into appropriate size for sensor application (5 × 5 mm). Figure 2A shows the optical images of the PCCA thin film fabricated using different concentrations of monomer. Different amounts of bis/acrylamide monomer solution (5, 7, 10, 15, 20, 50 , 100, and 150 μL from (a) to (h), respectively) were added to the same volume and concentration of polystyrene colloidal suspension with 50 μL of β-CD polymer solution (0.03 g/mL). All samples were fabricated at the same environmental temperature (25 C). After water evaporation, samples were exposed to UV radiation for polymerization. It was found that centimeter-sized uniform film with different diffraction color was created on the lower glass slide of the samples depending on the amount of monomer. For samples fabricated with a lower concentration of monomer, a uniform dark blue diffraction color can be observed over a centimeter scale ( Fig. 2A(a) ). However, higher amounts of monomer resulted in the formation of larger film and multiple diffraction colors with a multilayer of colloidal crystals as shown in Figs. 2A(b) to 2A(g). The reflectance color changes from blue to green, orange and red with increases in the amount of monomer, respectively. At higher amounts of added monomer, the PCCA film looks uniform, milky in color and loses the diffraction peak in the reflectance measurement as shown in Fig. 2A(h) .
The diffraction of PCCA thin film was probed using a six-around-one reflection probe that produces excitation with white light from a central fiber and collects the back-diffracted light with a closely surrounding set of six fibers in a Littrow configuration. The Bragg diffraction relationship in this case is mλ = 2nd sinθ, where m is the diffraction order, λ the diffracted wavelength, n refractive index of system, d the particle spacing, and θ the glancing angle between the incident light and the diffracting planes. In this study θ is 90 , so sinθ goes to 1. So, changes in the polymer network to swell or shrink by altering the solubility and/or charge state resulted in the shift of diffraction wavelength. 23, 24 As shown in Fig. 2B , the reflectance measurement of the PCCA thin film under visible light changed according to the amount of bis/acrylamide monomer. At 5 μL of monomer, the polystyrene particles were tightly packed together into CCA and the diffraction peak moved to the lowest wavelength (455 nm) as shown in Fig. 2B (curve a) . By increasing the amounts of bis/acrylamide monomer, the diffraction peaks shifted to a longer wavelength corresponding to the color change as in curve (b) to (f) due to the increasing distance between PS particles. However, loaded samples with high amounts of monomer showed a decrease in diffraction peak intensity (curve g) or lost the diffraction peak (curve h) since the thickness of polymer increased and immersed PS particles underneath that light could not penetrate. As a result, a milky white color without diffraction peak can be observed in optical images, and the loss of diffraction peaks in these PCCA samples, respectively. We also observed the formation of 2nd (*) or even 3rd (**) diffraction peaks at high concentrations of monomer, as indicated by curves (c), (d), and (e). This result may come from the multilayer colloidal particles formed by close-packed colloidal array at different planes in the PCCA structure.
SEM was used to characterize the morphology surface of the PCCA thin film.
As shown in Fig. S1 -A (Supporting Information), the arrangement of polystyrene particles follows a pattern of the (111) planes of face-centered cubic (fcc) closepacked. At lower amounts of bis/acrylamide monomer, the PCCA film indicates colloidal particle formation are 3D hexagonally close-packed. However, centimeter-sized samples showed the consistence of multiple domains leaving some holes in the PCCA film. This structure might have an effect on reproducibility when using PCCA film for sensor applications. As the concentration of acrylamide monomer increase, the PCCA showed a more random structure with increasing length distance between particles (Fig. S1-B ). Higher amounts of acrylamide monomer results in the disappearance of diffraction peaks. In this case, the polystyrene particles were immerged inside the polymer network and was not observed on the surface 
Effect of pH on diffraction response of PCCA thin film
The pH dependence of the diffraction peak is shown in Fig. 3 as a result of the ionic gel response to the change in protonation and ionic strength. The amide groups of acrylamide polymer were hydrolyzed to the carboxyl groups when the PCCA is hydrolyzed at different pH conditions. 25 This results in an osmotic pressure that causes the gel to swell against its restoring elastic constant. Increasing the pH will result in an increase of ionization; the gel swells and a red shift is observed in the diffraction peak. We observed the PCCA thin film reached maximum volume at pH 8.0 and the change in color of the PCCA thin film was clearly and visually evident. Since ionization is completed by pH 9, higher pH levels only increase the ionic strength, resulting in a decrease in the osmotic pressure and shrinking the gel as observed from pH 9 to 11. These pH diffraction shifts were fully reversible over multiple pH cycles.
The diffraction peak intensity was found to increase with increasing pH solution, reaching maximum value at pH 10. In PCCA thin film, the refractive index mismatch is caused between the hydrogel medium and PS particles. Thus, the increasing pH would cause the hydrogel swelling, resulting in higher water content in the hydrogel and therefore increasing the refractive index contrast between the hydrogel and PS particles, which would lead to the increasing peak intensity of the PCCA film. 26, 27 At higher pH values, however, diffraction intensity decreased since the hydrogel started shrinking, loosing water content and decreasing the refractive index.
Detection of paraoxon-ethyl and parathion-ethyl using PCCA thin film modified β-CD
Supramolecular structures based on host-guest interaction are ubiquitous in nature, particularly in biological systems. 28 These monomer molecules have been used for self-assembly into the hydrogel network and used for shape selective molecular recognition. The uses of β-CD are important as a macrocyclic host-guest interaction for many sensor applications including DNA, sugar, and CNAs because of their natural, water-soluble native. 22, 29, 30 They have been evaluated to have the ability to detoxify various OP compounds and in the future, they could be used as prophylactic or antidote substances. 30, 31 Herein, we incorporated β-CD molecules into the polymerized network of polyacrylamide during the PCCA fabrication process. The basic sensing unit consists of β-CD recognition element that can bind to OP compounds through hydrogen bonding interactions, and van der Waals forces. These interactions are linked to the change in the hydrogel network of the PCCA thin film, i.e. changes in the distance between polystyrene particles, in which the diffraction peak will shift to a longer wavelength depending on the concentration of OP compounds. 32 Signal generation will be collected using reflectance measurement. Figure 4 compares the diffraction response of our PCCA thin film with and without β-CD polymer modification in the presence and absence of different OP compounds. The shift of diffraction peak of β-CD modified PCCA thin film was observed by adding 20 ppb concentration of paraoxon-ethyl (Fig. 4A ) and parathion-ethyl (Fig. 4B) pesticides (solid red curve) . However, the shift in diffraction wavelength was not observed in the case of unmodified β-CD polymer PCCA thin film (solid blue curve). As shown in Schemes 1A and 1B (Supporting Information), the nitrophenoxy group in the chemical structure of parathion-ethyl and paraoxon-ethyl, respectively, can form stable complexes at room temperature with the hydrophobic cavity of β-CD in the structure of the PCCA thin film by van der Waals forces with a stoichiometry of 1:1. 33, 34 On the other hand, we did not observe the wavelength shift in the diffraction response between the modified and unmodified PCCA thin film when adding demeton-S-methyl as interference, indicating the selectivity of modified PCCA thin film to paraoxon-ethyl and parathion-ethyl pesticides over that of demeton-S-methyl (Fig. 4C) . The results found here are in agreement with the basic chemistry concept that the hydrophobic cavity of β-CD prefers to interact with paraoxon-ethyl and parathion-ethyl based on the hydrophobichydrophobic interaction, while demeton-S-methyl lacks of hydrophobic property (Scheme 1C). It is believed that the secondary hydroxyl groups in β-CD react with paraoxon-ethyl, leading to inclusion in the hydrophobic cavity of β-CD at a 1:1 or 1:2 ratio complex. 35 The NO2 group of paraoxon-ethyl was axially included in the β-CD with the nitro-end first and its phosphate group exposed to the outer side of β-CD. When the inclusion complexes formed, the hydrogel network in the PCCA swells because more OP molecules come into them. As a result, the distance between PS particles increases and a red shift of diffraction peaks was observed. However, in our observation these changes were small and quickly reached saturation.
We also observed a difference in diffraction intensity between β-CD modified and unmodified PCCA thin film. Higher diffraction intensity can be seen in the β-CD modified PCCA compared to the unmodified one, and its diffraction intensity slightly decreases in response to higher concentrations of OP compounds. The difference in the diffraction intensity could be assigned to the difference in the crystal structures and lattice spacing between the β-CD modified and unmodified PCCA. As the neighbor spacing in the PCCA structure decreases, diffraction efficiency increases with approximately 75% of the incident intensity light source. 36 When analyte concentration increases, there is an increase in the neighbor spacing in the PCCA structure which causes a decrease in diffraction peak intensity. Figure 5 presents the diffraction response (A, C) and its calibration plot (B, D) when different concentrations of paraoxon-ethyl and parathion-ethyl were added into 1 mL of phosphate buffer at pH 6.0. The wavelength shifts were observed and rapidly stabilized within a response time of around 10s. However, saturation was also quickly reached with concentrations of 40 ppb for paraoxon-ethyl and 50 ppb for parathion-ethyl. In contrast, the unmodified PCCA thin film showed a blue shift of diffraction peaks when different concentrations of OP compounds were added (data not shown). Our fabricated PCCA thin film with β-CD is capable of detecting OP compounds in conditions of low analyte concentration. Table 1 summarizes the calibration curve, linear range and limit of detection (LOD) for the detection of paraoxon-ethyl and parathion-ethyl using β-CD modified PCCA thin film. Under these conditions, good linearity was found over the range of 0 -30 and 0 -40 ppb for paraoxon-ethyl and parathion-ethyl, respectively. The calculated detection limit was determined (3 times of standard deviation of the diffraction response obtained in phosphate buffer, pH 6.0) to be 2.0 ppb (R 2 = 0.99, n = 3) and 3.4 ppb (R 2 = 0.96, n = 3) for paraoxon-ethyl and parathion-ethyl, respectively, which are well under the permissible value for short-term ingestion of military field drinking water. 37 As the sensor has a fast response time (10 s) in phosphate buffer of pH 6.0, the hydrolysis of parathion-ethyl can be neglected. The PCCA thin film also shows a faster response time and this seems environmentally more relevant than previously reported based on enzyme modified sensors. 11, [38] [39] [40] However, the regeneration of modified PCCA thin film was not as good as expected. The diffraction peak was not fully recovered after several times of washing and cleaning. Also, some close-packed colloidal arrays of the polystyrene particle structure were observed to become corrupted after several cycles of use and cleaning. However, considering the advantages of low cost, easy fabrication, fast response time, and flexibility of the PCCA thin film, our hydrogel thin film could be a good candidate for practical application. The PCCA thin film could be used as a highly portable, and disposable sensor for the on-site detection of OP compounds.
Conclusions
In the present study, we have demonstrated the fabrication and performance of β-CD modified PCCA thin film for the detection of chemical pesticides. PCCA thin film can be stabilized in the hydrogel network of acrylamide polymer and was optimized with different amounts of bis/acrylamide monomer. The structure morphology was characterized using optical and electron scanning microscopes. The β-CD modified PCCA thin film exhibited a high diffraction peak, which changes according to different concentrations of OP in the phosphate buffer following Bragg's law diffraction. The sensor showed fast response and high selectivity for the detection of paraoxon-ethyl and parathion-ethyl compare to demeton-S-methyl with limit of detection of 2.0 and 3.4 ppb, respectively. We expect that our PCCA thin film can be tailored to detect many hazardous chemicals and warfare agents for practical application and military usage. Table 1 
